In this paper, identification of an impact force acting on a CFRP stiffened panel is conducted by two different impact force identification methods, i.e. the model-based identification method and the experimental identification method. Both methods use the relations between the impact force and strain responses at measurement positions. The two methods differ, depending on whether the relations are determined analytically using the finite element method or experimentally from impact tests. By employing the relations, the location and force history of the impact force are identified by adjusting the corresponding strain responses to the measured strain responses. The validity and effectiveness of the two identification methods are verified by comparing the identification results with the actual impact force acting on the CFRP stiffened panel.
Introduction
The use of composite panels in spacecrafts is increasing due to their high specific strength and specific stiffness. Since composite panels are susceptible to transverse impact forces, external impacts by foreign objects may induce damage in the composite structures and cause a catastrophic fracture. In order to expand the application of composite structures to the primary structures of spacecrafts, damage prediction and assessment of structural integrity in real time is required to assure its safety. The locations and force histories of impact forces are significant information that could be used for damage prediction. Therefore, impact force identificaton is important for and has been investigated by many researchers. Most of the impact force identification methods reported so far are modelbased identification methods, which require an analytical model of the structure. For instance, Yen and Wu 1) reported the identification results of the location and force history of impact force acting on a rectangular plate. Seydel and Chang 2) identified the location and force history of impact force acting on a stiffened composite panel. Zhang et al. 3) conducted load reconstruction of low velocity impact load on an advanced grid-stiffened composite plate. Onozaki and Sekine 4, 5) proposed methods for identifying multiple point impacts using acceleration reponses. The authors 6, 7) proposed a method to identify the location and force history of impact force based on the finite element method. Recently, the authors 8) have proposed an experimental impact force identification method, which does not require an analytical model of the structure, and verified its effectiveness.
In this paper, identification of an impact force acting on a CFRP stiffened panel is conducted by two different impact force identificaton methods, i.e. the model-based identification method and the experimental identification method. First, the relations between the impact force and strain responses at measurement positions are determined. By employing the relations, the location and force history of the impact force are identified by adjusting the corresponding strain responses to the measured strain responses. Figure 1 shows a stiffened composite panel subjected to impact force. The impact force is supposed to act perpendicularly on the panel surface without stiffeners. Strains are measured on the panel surface with stiffeners. Using the three-dimensional finite element method, the equation of motion governing the dynamic response of the stiffened composite panel subjected to impact force is given by
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Relation between impact force and strain response
where M is the mass matrix, K is the stiffness matrix, u(t) is the nodal displacement vector, η is a unit vector designating the degree-of-freedom of the nodal force and f (t) is the force. By approximating the nodal displacement vector by a linear combination of the first M mode shape vectors, the nodal displacement vector can be expressed as
where ξ i (t) and φ i are the ith modal coordinate and mode shape vector, respectively. Substituting Eq. (2) into Eq. (1), we obtain
where ω i is the angular frequency of the ith mode. When we set ξ i (0) =ξ i (0) = 0, the solution of Eq. (3) is given by
Time is divided into intervals t j − t j−1 = ∆t ( j = 1, 2, · · · ) where t 0 = 0. Moreover, f (t) is approximated by a piecewise linear function, as follows:
where f (t 0 ) is zero. Substitution of Eq. (5) into Eq. (4) gives
where
By use of Eq. (2) and Eq. (6), the longitudinal strain ε L (t k ) is expressed as follows:
Here, ζ is a unit vector which designates the normal strain component in the direction of the longitudinal strain, B is the strain-displacement matrix and φ
is the ith mode shape vector of element.
The relation between an impact force acting at (x f , y f ) and the strain response measured at (x s , y s ) can be expressed in the following equation:
Here, G(x f , y f , x s , y s ) is a transform matrix composed of the Green's function. Fig. 1 . CFRP stiffened panel subjected to impact force
Experimental determination of transform matrix
By transforming Eq. (10), we obtain
The components of the transform matrix used in the experimental impact force identification method are determined by using the force histories and strain responses obtained from impact tests. They are determined so that the strain responses, which are calculated using the measured force histories, are adjusted to the measured strain responses. Thus, it is formulated as:
where ε n and F n are the measured strain response and force matrix of the nth impact test, respectively, and N is the number of impact tests conducted. The least-squares method is used to solve Eq. (14).
Force history identification
When the force location is definite, the force history is identified by adjusting the corresponding strain responses to the measured strain responses. Then, the identification problem reduces to an optimization problem that is formulated as follows:
design variables : f where p denotes a sensor number, and m (≥ 3) is the number of strain sensors. The gradient projection method with the golden section method is used to solve Eq. (15).
Force location identification
When the force location is estimated at (x fe , y fe ), a force history denoted f e can be obtained from Eq. (15). Using this estimated force history, the force location is identified by minimizing the deviation between the corresponding strain responses and the measured strain responses. Then, the identification problem reduces to an optimization problem that is formulated as follows:
The gradient projection method with the golden section method is also used to solve Eq. (16). Figure 2 depicts the flow chart of the identification procedure. First, force history identification is conducted at every node on the panel surface the impact force acts. The initial force location estimate (x fe , y fe ) is set at the location of the node which gives the minimal objective function F. Then, the estimated force history f e is identified. Next, force location identification is conducted and (x f , y f ) is obtained. The impact location estimate (x fe , y fe ) is updated with the obtained impact location (x f , y f ) and the identification process is repeated until the force location converges to a certain point. After the identification results of force location (x f , y f ) is determined, force history identification is conducted and the force history f is identified. Figure 3 shows the specimen of the CFRP stiffened panel. The laminate sequence of the CFRP stiffened panel is shown in Table 1 , where the fiber direction of 0
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• is parallel to the y axis. The mateiral properties of CFRP(IM600/#133) lamina is shown in Table 2 . As to the boundary conditions, 15mm of the panel edge is clamped at two sides perpendicular to the stiffeners. Eight biaxial strain gauges, which measure the longitudinal strains in the x-direction and y-direction, are attached on the panel surface with stiffeners. The locations of strain measurement positions are as shown in Fig. 4 . The experimental system is as shown in Fig. 5 . The strains and forces are measured in the time period of 5ms and the sampling time is set to 20µs. The force history is identified in the same time period and the same time intervals.
The finite element mesh of the CFRP stiffened panel is shown in Fig. 6 . The number of elements and nodes are 16,800 and 76,643, respectively, when we use 15-node isoparametric triangular prism elements and 20-node isoparametric solid elements. Here we note that the number of nodes on the panel surface without stiffeners, which are the candidates for the initial force location estimate (x fe , y fe ), is 1,421. The largest vibration mode considered in determining the numerical transform matrices is set M = 50. Figure 7 shows the locations of the impact test points where the experimental transform matrices are determined. The side length of each square region is 20mm. Impact tests are conducted four times at each impact point. At points where impact tests are not conducted, the transform matrix is interpolated using a shape function similar to that used in the finite element method. Figure 8 shows the identification results of force location and force history of an impact force acting on (x f , y f ) = (130, 90). In the figure, the marks and denote the identification results of the force location and the exact location, respectively. As to the force history, the identification results are denoted by dot marks and the exact by a solid line. As can be seen from the figure, the identification results of force location and force history agree suficiently with the exact ones. The error of the force location identified using the model-based identification method was 4.59mm and that of the experimental identification method was 0mm. Figure 9 shows the identification results of force location and force history of an impact force acting on (x f , y f ) = (70, 150). As can be seen from the figure, the identification results of force location and force history agree suficiently with the exact ones in the case of experimental impact force identification. The identification results obtained using the model-based identification method is rather different from the actual impact force. The error of the force location identified using the model-based identification method was 17.9mm and that of the experimental identification method was 0mm. Figure 10 shows the identification results of force location and force history of an impact force acting on (x f , y f ) = (10, 100). The figure reveals that the identification results of force location and force history agree suficiently with the exact ones. The error of the force location identified using the model-based identification method was 10.0mm and that of the experimental identification method was 0.85mm.
Identification Results and Discussion
The identification results reveal that the identified location and force history are in good agreement with the exact ones from a practical point of view regardless whether the identification method is model-based or experimental.
Conclusion
In this paper, identification of an impact force acting on a CFRP stiffened panel was conducted by two different impact force identification methods, i.e. the experimental identification method and the model-based identification method. The identification results of the impact force agree sufficiently with the actual impact force from a practical point of view. Although both methods were valid, the experimental identification method was more accurate in the present case. 
